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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Presented are the results of laboratory investigations of the evolution of parameters of a discontinuity during shear. It is shown 
that conditions of the discontinuity change continuously, and regularities of these changes are controlled by the processes taking 
place in the zone of interblock contact at the meso-scale. The revealed regularities of alterations of discontinuity parameters 
allow to consider the process of discontinuity deformation as the evolution of a self-organizing system, and the dynamic event – 
as the final stage of the process of self-organization. 
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1. Introduction 
Solving scientific and engineering problems in different Earth sciences inevitably requires adequate models of 
rock structure and deformation. Such models are us d in mi ing, in designing underground constructions, in 
earthquake forecasting etc.  
Presence of discontinuities is the main structural feature of a rock massif that affects different physical processes. 
Large-scale faults divide the Earth’s crust into geo-blocks. Within these blocks faults of lesser length can be 
detected. They bound smaller and more consolidates areas - microblocks. 
More than a hundred years ago H.F. Reid (1910) put forward a reasoned hypothesis that earthquakes are linked to 
faults in the Earth's crust. Though this point of view became predominant during next hundred years, the temptation 
to use the mathematical apparatus well adopted for describing the continuum was so great that most existing models 
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of the earthquake are based on the ideas dealing with emergence and development of both a separate crack or a 
system of cracks in a continuum Mjachkin et al. (1975). From the standpoint of mechanics, there are no dramatic 
contradictions between the models based on conceptions of continuous or discontinuous media. The fracture strength 
of rock differs from the its frictional strength at large depth insignificantly, and the mathematical relations applied in 
these models are in many cases similar.  For example, relations that define the well known dependence of rock 
friction on time and velocity of displacement, introduced by Deiterich (1978) and Ruina (1983), are identical to 
corresponding equations that describe the process of fracture development in stress-corrosion Kanamori and Brodsky 
(2004). 
Quite a different story is the spatial structure of seismicity. Here, in order to explain locations of sources, one 
can't do without introduction of pronounced discontinuities of different scales – plate boundaries, fault zones, 
tectonic fractures, etc. The more accurately coordinates of hypocenters are detected, the more evident is the fact that 
hypocenters localize inside fault zones Waldhauser and Richards (2004). 
It was long thought that excessive stresses accumulated in tectonically active zones relax either in earthquakes 
("instantaneous" displacements of blocked fault sections) or in continuous aseismic fault creep. The typical velocity 
of aseismic creep is about several centimeters per year Kasahara (1981). In the last 20 years a new stage of 
investigating the nature of earthquakes is going on. One of the important achievements of the new registration 
methods is the detection and proof of existence of different modes of fault slip Peng and Gomberg (2010). Discovery 
and investigation of such phenomena as low-frequency earthquakes, very low-frequency earthquakes, episodic non-
volcanic tremor, slow slip events change to a great extent our understanding of how the energy cumulated in the 
Earth's crust deformation releases.  
Coseismic slip is localized in narrow central parts of faults, which commonly contain significant accumulations of 
worm granular material (gouge) Sibson (2003), Chester and Chester (1998), Sammis et al (1987). The nature and 
evolution of this worm granular material noticeably affect the mechanical strength, frictional stability, and the 
potential for seismic slip Heesakkers et al (2011), Wibberley et al (2003). To advance in understanding the laws of 
fault zone deformation, it is therefore essential to understand the regularities of deformation of gouge-filled fault 
zones. 
The model of nucleation of various shear deformation modes of the fault can be developed basing on rather 
simple laboratory experiments, in which the regularities of shear deformation of thin granular layers are investigated. 
During deformation the mechanical properties of granular media are controlled by conglomerates of loaded particles 
emerging in the medium Liu et al. (1995), Cates et al. (1998). In shear these conglomerates pass through repeated 
cycles of formation, loading and destruction. Elastic waves emitted during deformation carry important information 
about processes that take place inside the fault Turcotte et al. (2003).  
Many authors have studied regularities of emergence of different deformation regimes: the effects of shape and 
size of filler grains Anthony and Marone (2005), presence of fluid and its viscosity Reber et al. (2014), Kocharyan 
and Ostapchuk (2015a), etc. Investigations of acoustic emission have shown that different modes of fault slip are 
accompanied by emission of signals of different waveforms Kocharyan and Ostapchuk (2015b), Voisin et al. (2008). 
An exponential growth of the number of acoustic pulses is observed during laboratory earthquake preparation 
Johnson et al (2013). It has been revealed that high-frequency pulses (30-80 kHz) are emitted at the preparation 
stage, while the laboratory earthquake itself manifests as a low-frequency signal (< 20 kHz) Michlmayr et al. (2013). 
However, it is still unclear what exactly governs different modes of fault sliding. 
This work presents results of laboratory tests, in which the peculiarities of shear deformation of gouge-filled 
faults and the seismo-acoustic effect accompanying this deformation process were investigated. The obtained results 
laid the base of a new phenomenological model of formation of different modes of fault sliding. 
 
2. LABORATORY METHOD 
The experiments were performed in the classical slider-model statement, in which a block slides along an 
interface under a shear load (see Fig.1). The granite block (B) 8×8×3 cm3 in size was put on the granite base. The 
contact (s) between rough surfaces was filled with a layer of granular material 3mm thick. The normal load (σN) was 
applied through a special device, which eliminated additional shear forces, and equaled to 520 N. The shear load was 
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rock structure and deformation. Such models are used in mining, in designing underground constructions, in 
earthquake forecasting etc.  
Presence of discontinuities is the main structural feature of a rock massif that affects different physical processes. 
Large-scale faults divide the Earth’s crust into geo-blocks. Within these blocks faults of lesser length can be 
detected. They bound smaller and more consolidates areas - microblocks. 
More than a hundred years ago H.F. Reid (1910) put forward a reasoned hypothesis that earthquakes are linked to 
faults in the Earth's crust. Though this point of view became predominant during next hundred years, the temptation 
to use the mathematical apparatus well adopted for describing the continuum was so great that most existing models 
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of the earthquake are based on the ideas dealing with emergence and development of both a separate crack or a 
system of cracks in a continuum Mjachkin et al. (1975). From the standpoint of mechanics, there are no dramatic 
contradictions between the models based on conceptions of continuous or discontinuous media. The fracture strength 
of rock differs from the its frictional strength at large depth insignificantly, and the mathematical relations applied in 
these models are in many cases similar.  For example, relations that define the well known dependence of rock 
friction on time and velocity of displacement, introduced by Deiterich (1978) and Ruina (1983), are identical to 
corresponding equations that describe the process of fracture development in stress-corrosion Kanamori and Brodsky 
(2004). 
Quite a different story is the spatial structure of seismicity. Here, in order to explain locations of sources, one 
can't do without introduction of pronounced discontinuities of different scales – plate boundaries, fault zones, 
tectonic fractures, etc. The more accurately coordinates of hypocenters are detected, the more evident is the fact that 
hypocenters localize inside fault zones Waldhauser and Richards (2004). 
It was long thought that excessive stresses accumulated in tectonically active zones relax either in earthquakes 
("instantaneous" displacements of blocked fault sections) or in continuous aseismic fault creep. The typical velocity 
of aseismic creep is about several centimeters per year Kasahara (1981). In the last 20 years a new stage of 
investigating the nature of earthquakes is going on. One of the important achievements of the new registration 
methods is the detection and proof of existence of different modes of fault slip Peng and Gomberg (2010). Discovery 
and investigation of such phenomena as low-frequency earthquakes, very low-frequency earthquakes, episodic non-
volcanic tremor, slow slip events change to a great extent our understanding of how the energy cumulated in the 
Earth's crust deformation releases.  
Coseismic slip is localized in narrow central parts of faults, which commonly contain significant accumulations of 
worm granular material (gouge) Sibson (2003), Chester and Chester (1998), Sammis et al (1987). The nature and 
evolution of this worm granular material noticeably affect the mechanical strength, frictional stability, and the 
potential for seismic slip Heesakkers et al (2011), Wibberley et al (2003). To advance in understanding the laws of 
fault zone deformation, it is therefore essential to understand the regularities of deformation of gouge-filled fault 
zones. 
The model of nucleation of various shear deformation modes of the fault can be developed basing on rather 
simple laboratory experiments, in which the regularities of shear deformation of thin granular layers are investigated. 
During deformation the mechanical properties of granular media are controlled by conglomerates of loaded particles 
emerging in the medium Liu et al. (1995), Cates et al. (1998). In shear these conglomerates pass through repeated 
cycles of formation, loading and destruction. Elastic waves emitted during deformation carry important information 
about processes that take place inside the fault Turcotte et al. (2003).  
Many authors have studied regularities of emergence of different deformation regimes: the effects of shape and 
size of filler grains Anthony and Marone (2005), presence of fluid and its viscosity Reber et al. (2014), Kocharyan 
and Ostapchuk (2015a), etc. Investigations of acoustic emission have shown that different modes of fault slip are 
accompanied by emission of signals of different waveforms Kocharyan and Ostapchuk (2015b), Voisin et al. (2008). 
An exponential growth of the number of acoustic pulses is observed during laboratory earthquake preparation 
Johnson et al (2013). It has been revealed that high-frequency pulses (30-80 kHz) are emitted at the preparation 
stage, while the laboratory earthquake itself manifests as a low-frequency signal (< 20 kHz) Michlmayr et al. (2013). 
However, it is still unclear what exactly governs different modes of fault sliding. 
This work presents results of laboratory tests, in which the peculiarities of shear deformation of gouge-filled 
faults and the seismo-acoustic effect accompanying this deformation process were investigated. The obtained results 
laid the base of a new phenomenological model of formation of different modes of fault sliding. 
 
2. LABORATORY METHOD 
The experiments were performed in the classical slider-model statement, in which a block slides along an 
interface under a shear load (see Fig.1). The granite block (B) 8×8×3 cm3 in size was put on the granite base. The 
contact (s) between rough surfaces was filled with a layer of granular material 3mm thick. The normal load (σN) was 
applied through a special device, which eliminated additional shear forces, and equaled to 520 N. The shear load was 
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applied through the spring (K) with the stiffness of 40 N/mm. The spring's end was driven at the velocity (us) of 20 
mcm/s.  
The shear force was controlled by the sensor (F) CFT/5kN (HBM, Germany) with the accuracy of 1 N, and the 
relative block displacement was measured with the laser sensor ILD2220-10 (MicroEpsilon, Germany) in the 
frequency range of 0-5 kHz with the accuracy of 0.1 mcm.  
The signals of acoustic emission (AE) radiated in shearing were recorded with the sensors GT301 in the 
frequency range of 50-500 kHz and GT205 in the frequency range of 30-100 kHz (GlobalTest, Russia).  
 
 
Fig. 1. Scheme of experimental set-up. 
The effects of loading drive and external acoustic signals were negligible. The channel noise did not exceed 8 
mcm/s (4·10-3 a.u.). 
Different natural and artificial materials were used as fracture fillers: quartz sand, granite crumb, dry clay, talc, 
salt, glass beads. In some cases the filler was moistened with a small amount of fluid (0.1% of mass). 
3. RESULTS 
3.1. Regularities of alteration of geomechanical parameters 
Using different materials and their mixtures as fracture fillers we managed to realize a wide spectrum of dynamic 
events. Hereinafter the "dynamic event" means an act of relative block sliding at the maximal velocity Vmax 
exceeding the velocity of spring deformation us. The analysis of kinematic parameter alteration showed that all the 
realized dynamic events can be conventionally divided into 3 types Kocharyan et al. (2014). The events with 
velocities less than 0.1 mm/s will be called "episodes of accelerated creep", the events with velocities from 0.1 to ~2 
mm/s – "slow failures", and the events with velocities exceeding 2 mm/s – "dynamic failures". Examples of dynamic 
events of different types are presented in Fig.2. 
 
 
Fig. 2. Time dependences of AE signals and block velocities for an episode of accelerated creep (a), slow failure (b) and dynamic failure (c). 
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Depending on properties of the filler the dynamic events of one and the same type may be realized as either 
regularly repeated events (regular regime), or random stochastic events (irregular regime). This work deals only 
with regularly repeated dynamic events.  It is convenient to characterize the state of a rock fault by its shear 
stiffness: 
s
s dW
dk      (1) 
where  is the shear stress, Ws is the relative displacement of discontinuity sides. 
The regime of repeated episodes of accelerated creep is a set of alternating slow accelerations and gradual 
decelerations. Relative alteration of shear force in this regime is less than 1 %, which complicates a more detailed 
description of the process. 
The most pronounced changes of fault parameters are observed in regularly repeated dynamic failures (stick-
slip). Unlike in simplified stick-slip models, in which there are no motion between periods of sliding, here the block 
moves all the time at a finite velocity. The velocities at the preparation stage and during the dynamic failure (Vmax) 
may differ 106 times. 
A typical pattern of alteration of fault parameters is shown in Fig.3. The stage of dynamic failure preparation can 
be divided into three sections, each exhibiting certain peculiarities of fault state alteration. 
 
 
Fig. 3. Variation of block velocity (a) and fault stiffness (b) during repeated dynamic failure. 
Despite the increase of shear force the motion gradually decelerates at the section A. It is the change of fault 
parameters that produces this effect, but not the block inertia. The increase of shear stiffness by more than an order 
of magnitude is observed at this section. The stiffness reaches its maximal value of ~ 100-200 MPa/m several 
seconds after the dynamic event. The end of section A can be regarded as the end of the strengthening stage of the 
fault. Variations of shear stiffness are negligibly small at the section B of relative stability, when block moves at a 
constant low velocity. Then, the stage of weakening C starts, at which the stiffness decreases radically with 
displacement. Duration of this stage, on average, is about 2/3 of the recurrence time. 
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Depending on properties of the filler the dynamic events of one and the same type may be realized as either 
regularly repeated events (regular regime), or random stochastic events (irregular regime). This work deals only 
with regularly repeated dynamic events.  It is convenient to characterize the state of a rock fault by its shear 
stiffness: 
s
s dW
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where  is the shear stress, Ws is the relative displacement of discontinuity sides. 
The regime of repeated episodes of accelerated creep is a set of alternating slow accelerations and gradual 
decelerations. Relative alteration of shear force in this regime is less than 1 %, which complicates a more detailed 
description of the process. 
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slip). Unlike in simplified stick-slip models, in which there are no motion between periods of sliding, here the block 
moves all the time at a finite velocity. The velocities at the preparation stage and during the dynamic failure (Vmax) 
may differ 106 times. 
A typical pattern of alteration of fault parameters is shown in Fig.3. The stage of dynamic failure preparation can 
be divided into three sections, each exhibiting certain peculiarities of fault state alteration. 
 
 
Fig. 3. Variation of block velocity (a) and fault stiffness (b) during repeated dynamic failure. 
Despite the increase of shear force the motion gradually decelerates at the section A. It is the change of fault 
parameters that produces this effect, but not the block inertia. The increase of shear stiffness by more than an order 
of magnitude is observed at this section. The stiffness reaches its maximal value of ~ 100-200 MPa/m several 
seconds after the dynamic event. The end of section A can be regarded as the end of the strengthening stage of the 
fault. Variations of shear stiffness are negligibly small at the section B of relative stability, when block moves at a 
constant low velocity. Then, the stage of weakening C starts, at which the stiffness decreases radically with 
displacement. Duration of this stage, on average, is about 2/3 of the recurrence time. 
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Analogous regularities in fault state alteration are also observed in regular slow failures. After being disturbed 
during the dynamic event, the fault strengthens at the stage of relative rest. The shear stiffness of fault increases to 
about ~ 20-50 MPa/m. The stage of relative stability is short in duration, several times shorter than the stage of 
dynamic failure. The accumulation of interblock displacement causes fault weakening and gradual increase of block 
velocity. 
3.2. Regularities of alteration of acoustic emission parameters 
The evolution of fault state is accompanied by emission of acoustic pulses (AP). In order to distinguish APs in 
the registered AE signal the following energetic criterion was used: 
    2min2
0
0
1 AdttA
t
t
tt
t
 

    (2) 
where Amin is the dispersion of registered AE signal determined in a 1-second interval of the process, when the 
block velocity is minimal, Δt = 0.5 ms. It was suggested that AP duration should exceed 0.5 ms. All the registered 
APs can be divided into 2 types: those registered during dynamic events (the "co-seismic" APs) and those registered 
at the stage of dynamic event preparation (the "inter-seismic" APs).  
The dynamic failure (see Fig.2c) is accompanied by emission of a short in duration (30-50ms) high-amplitude 
"co-seismic" AP. Meansquare amplitudes of these co-seismic APs about an order of magnitude higher than maximal 
amplitudes of "inter-seismic" APs. 
In slow failure (see Fig.2b) the "co-seismic" AP exhibits gradual increase of (t) followed by its gradual 
decrease to the background level. Duration of such APs vary from 0.2 to 3 s, and their meansquare amplitudes 
exceed the background level more than 5 times. Visually one can detect a lot of separate pulses in the wave record, 
which are not independent APs, according to criterion (2). A great number of "inter-seismic" APs of different 
amplitudes are emitted at the stage of slow failure preparation.  
In the episodes of accelerated creep (see Fig.2a) the "co-seismic" APs are long in duration (1 to 6s) and have no 
clear onsets. Such signals exhibit pronounced variations of (t), and at block velocities over 30 mcm/s their 
minimal values exceed the background level 1.5-2 times. The observed variations are caused by visually detected 
"pulses" resembling slow and dynamic failures in shape. It should be noted that for block velocities Vm < 30 mcm/s 
the registered "co-seismic" APs consist of discrete sets of separate APs, which are emitted at intervals less than 1-
2ms. The "co-seismic" APs registered in the episodes of accelerated creep resemble tremor, which in "big 
seismology" is usually linked to radiation of small distributed sources during slow slip along boundaries of large 
tectonic blocks Nadeau and Dolenc (2005).  
A great number of "inter-seismic" APs are emitted during preparation of dynamic events. Frequency of 
occurrence of those pulses vary from separate "clicks" with intervals of tens of seconds to regularly repeated signals 
with the periodicity of 1-2 ms. In spite of the great variability of "inter-seismic" AP waveforms, one can detect the 
two main modes (see Fig.4). 
 
 
Fig. 4. Examples of inter-seismic APs and their spectra S(). (a) – mode M-I; (b) – mode M-II. 
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The mode M-I is a short wavetrain with a sharp onset and the shape characteristic for emergence of tensile cracks 
Shiotani et al. (2001). Two maxima at the frequencies of f1 and f2 are observed in their spectra. The mode M-II 
exhibits gradual increase of signal amplitude to maximum followed by its gradual decrease to the background level. 
Such a waveform is characteristic for emergence of shear cracks Shiotani et al. (2001). As a rule amplitudes of M-II 
signals are several times lower than those of M-I ones. Spectra of M-II signals have a single maximum at the 
frequency of f2. It is convenient to use the spectral centroid of "inter-seismic" APs under investigation to 
characterize their mode. If the centroid equals to ~ 240 kHz, the mode M-I takes place, if the value is ~ 150 kHz - 
the mode M-II.  
As deformation process approaches the moment of dynamic event an increase of AP activity is observed. The 
inverse Omori's law Papazachos (1973) was used to analyze the regularities of AP activity change at the final stage 
of dynamic event preparation: 
   cp tttRRtR b  10     (3) 
where R0 is the minimal activity of APs at the "inter-seismic" stage of the deformation process that could be 
registered, t is the time to dynamic event, tc is the duration of the stage of AP activity growth before the dynamic 
event, R1 and pb are empirical constants. Parameters of the inverse Omori's law for different dynamic events are 
given in Table 1. 
     Table 1. Parameters of Inverse Omori’s law for different dynamic events. 
Dynamic event Filler material <Vm>, 
mm/s 
Recurrence 
time T, s 
<R0>, 
s-1 
<tc/T> <pb> 
dynamic failure glass beads 0.1-0.3mm 35 23 7 0.45 0.8 
dynamic failure salt 0.05-0.16mm 510 155 2 0.25 0.5 
slow failure mixture of granite 
crumb 0.1-0.6mm 
(98%) & corundum 0-
0.05mm (2%) 
0.3 15 15 0.5 0.3 
episode of 
accelerated creep 
granite crumb 0.3-
0.4mm 
0.1 10 39 - - 
 
The evolution of fault state during loading must be accompanied not only by the increase of AP activity, but also 
by the alteration of their modes. At the initial stage the emission of M-I pulses predominates, while as the process 
approaches the moment of dynamic event the portion of M-II pulses increases. As the spectral centroid is a reliable 
indicator of AP mode, the change of predominant mode must be accompanied by a corresponding change of the 
spectral centroid of the registered signal (see Fig.5). The shift of spectral centroid to the area of low frequencies was 
observed in our experiments at the final stage of dynamic event preparation. The more active of APs are, the more 
vivid the effect of change of centroid shift is. 
 
 
Fig. 5. Variation of spectral centroid of the AE signal. Time is normalized by the recurrence time. 
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Analogous regularities in fault state alteration are also observed in regular slow failures. After being disturbed 
during the dynamic event, the fault strengthens at the stage of relative rest. The shear stiffness of fault increases to 
about ~ 20-50 MPa/m. The stage of relative stability is short in duration, several times shorter than the stage of 
dynamic failure. The accumulation of interblock displacement causes fault weakening and gradual increase of block 
velocity. 
3.2. Regularities of alteration of acoustic emission parameters 
The evolution of fault state is accompanied by emission of acoustic pulses (AP). In order to distinguish APs in 
the registered AE signal the following energetic criterion was used: 
    2min2
0
0
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t
tt
t
 

    (2) 
where Amin is the dispersion of registered AE signal determined in a 1-second interval of the process, when the 
block velocity is minimal, Δt = 0.5 ms. It was suggested that AP duration should exceed 0.5 ms. All the registered 
APs can be divided into 2 types: those registered during dynamic events (the "co-seismic" APs) and those registered 
at the stage of dynamic event preparation (the "inter-seismic" APs).  
The dynamic failure (see Fig.2c) is accompanied by emission of a short in duration (30-50ms) high-amplitude 
"co-seismic" AP. Meansquare amplitudes of these co-seismic APs about an order of magnitude higher than maximal 
amplitudes of "inter-seismic" APs. 
In slow failure (see Fig.2b) the "co-seismic" AP exhibits gradual increase of (t) followed by its gradual 
decrease to the background level. Duration of such APs vary from 0.2 to 3 s, and their meansquare amplitudes 
exceed the background level more than 5 times. Visually one can detect a lot of separate pulses in the wave record, 
which are not independent APs, according to criterion (2). A great number of "inter-seismic" APs of different 
amplitudes are emitted at the stage of slow failure preparation.  
In the episodes of accelerated creep (see Fig.2a) the "co-seismic" APs are long in duration (1 to 6s) and have no 
clear onsets. Such signals exhibit pronounced variations of (t), and at block velocities over 30 mcm/s their 
minimal values exceed the background level 1.5-2 times. The observed variations are caused by visually detected 
"pulses" resembling slow and dynamic failures in shape. It should be noted that for block velocities Vm < 30 mcm/s 
the registered "co-seismic" APs consist of discrete sets of separate APs, which are emitted at intervals less than 1-
2ms. The "co-seismic" APs registered in the episodes of accelerated creep resemble tremor, which in "big 
seismology" is usually linked to radiation of small distributed sources during slow slip along boundaries of large 
tectonic blocks Nadeau and Dolenc (2005).  
A great number of "inter-seismic" APs are emitted during preparation of dynamic events. Frequency of 
occurrence of those pulses vary from separate "clicks" with intervals of tens of seconds to regularly repeated signals 
with the periodicity of 1-2 ms. In spite of the great variability of "inter-seismic" AP waveforms, one can detect the 
two main modes (see Fig.4). 
 
 
Fig. 4. Examples of inter-seismic APs and their spectra S(). (a) – mode M-I; (b) – mode M-II. 
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The mode M-I is a short wavetrain with a sharp onset and the shape characteristic for emergence of tensile cracks 
Shiotani et al. (2001). Two maxima at the frequencies of f1 and f2 are observed in their spectra. The mode M-II 
exhibits gradual increase of signal amplitude to maximum followed by its gradual decrease to the background level. 
Such a waveform is characteristic for emergence of shear cracks Shiotani et al. (2001). As a rule amplitudes of M-II 
signals are several times lower than those of M-I ones. Spectra of M-II signals have a single maximum at the 
frequency of f2. It is convenient to use the spectral centroid of "inter-seismic" APs under investigation to 
characterize their mode. If the centroid equals to ~ 240 kHz, the mode M-I takes place, if the value is ~ 150 kHz - 
the mode M-II.  
As deformation process approaches the moment of dynamic event an increase of AP activity is observed. The 
inverse Omori's law Papazachos (1973) was used to analyze the regularities of AP activity change at the final stage 
of dynamic event preparation: 
   cp tttRRtR b  10     (3) 
where R0 is the minimal activity of APs at the "inter-seismic" stage of the deformation process that could be 
registered, t is the time to dynamic event, tc is the duration of the stage of AP activity growth before the dynamic 
event, R1 and pb are empirical constants. Parameters of the inverse Omori's law for different dynamic events are 
given in Table 1. 
     Table 1. Parameters of Inverse Omori’s law for different dynamic events. 
Dynamic event Filler material <Vm>, 
mm/s 
Recurrence 
time T, s 
<R0>, 
s-1 
<tc/T> <pb> 
dynamic failure glass beads 0.1-0.3mm 35 23 7 0.45 0.8 
dynamic failure salt 0.05-0.16mm 510 155 2 0.25 0.5 
slow failure mixture of granite 
crumb 0.1-0.6mm 
(98%) & corundum 0-
0.05mm (2%) 
0.3 15 15 0.5 0.3 
episode of 
accelerated creep 
granite crumb 0.3-
0.4mm 
0.1 10 39 - - 
 
The evolution of fault state during loading must be accompanied not only by the increase of AP activity, but also 
by the alteration of their modes. At the initial stage the emission of M-I pulses predominates, while as the process 
approaches the moment of dynamic event the portion of M-II pulses increases. As the spectral centroid is a reliable 
indicator of AP mode, the change of predominant mode must be accompanied by a corresponding change of the 
spectral centroid of the registered signal (see Fig.5). The shift of spectral centroid to the area of low frequencies was 
observed in our experiments at the final stage of dynamic event preparation. The more active of APs are, the more 
vivid the effect of change of centroid shift is. 
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4. Discussion 
The performed experiments have shown that the fault conditions change continuously during deformation. A set 
of force chains emerge across the fault in the process of self-organization. Their presence leads to the increase of 
local stresses and accumulation of elastic deformation energy during loading. The ensemble of these chains – the 
force skeleton – has its specific space structure and strength properties. Accumulation of fault deformation leads to 
local destructions of the skeleton. At the initial state the defects localize at separate intergranular contacts, but 
further evolution of the fault conditions brings the destruction processes to a higher hierarchical level, which finally 
results in the shear of fault sides. Being destroyed during deformation the force chains can be replaced by analogous 
structures due to the forces of grain interaction, when the external effect will be completely compensated. Such 
patterns were many times observed both in numerical experiments Ruthbun et al. (2013). 
Structural changes occurring in dynamic event preparation are accompanied by emission of "inter-seismic" APs. 
The analysis of parameters of the inverse Omori's law (Table 1) gives important information about the internal 
structure of the fault. Formation of the force skeleton (interblock contact consolidation) is required for accumulation 
of elastic deformation energy, so registering the non-zero activity R(t) testifies that weakly loaded and 
unconsolidated areas emerge in the fault. The analysis of Table 1 shows that the higher the intensity of dynamic 
events is, the lower is the activity of AE.  
The exponential growth of AE activity during preparation of the dynamic event indicates formation of a scale-
invariant internal structure. The exponent pb characterizes the fractal dimensionality of spatial structure of force 
skeleton elements; the higher pb is, the higher is the degree of spatial structuredness of the force skeleton. It means 
that for a dynamic failure to be prepared, the emergence of a highly ordered skeleton is required.  
As deformations are accumulated, the presence of structural inhomogeneities leads to an avalanche-like 
destruction of force chains and, consequently, to the decrease of fault stiffness. The destruction of force chains leads 
to an increase of the unconsolidated area. In these area the action of external forces manifests, as a rule, in inter-
grain slips. The evolution of fault conditions should be accompanied by different mechanisms of AP generation. To 
our mind, the observed differences of AP waveforms are caused by different mechanisms of their generation. 
Ruptures of force chains are accompanied by emission of the M-I mode of "inter-seismic" APs. It is the shape of M-
I pulses, which is characteristic for events produced by emergence of defects and ruptures, that testifies this fact. 
Inter-grain slip along already existing structural discontinuities of the skeleton is accompanied by emission of the 
mode M-II pulses. At the initial stage of the loading cycle the brittle destruction of force chains prevails (M-I mode). 
But as the system approaches the moment of dynamic event, the inter-grain slips begin to manifest more and more 
(M-II mode). It is the change of generation mechanism that is the reason for the spectral centroid to shift to the low-
frequency area. 
Thus, the decrease of fault shear stiffness and the shift of spectral centroid before the dynamic event are a reliable 
indicators that the fault has come to a metastable state.  
It is probable that the revealed regularities of discontinuity deformation take place in nature too. So, the presented 
results demonstrate the necessity to analyze the observation material obtained in seismic monitoring in more detail. 
The analysis should include not only detection of weak earthquakes, but also the analysis of microseismic noise. 
Detecting peculiarities of the seismo-acoustic regime of a local section containing a fault or a large tectonic fracture 
will be very useful for determination of the stress-strain state and deformation characteristics of the rock mass. 
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4. Discussion 
The performed experiments have shown that the fault conditions change continuously during deformation. A set 
of force chains emerge across the fault in the process of self-organization. Their presence leads to the increase of 
local stresses and accumulation of elastic deformation energy during loading. The ensemble of these chains – the 
force skeleton – has its specific space structure and strength properties. Accumulation of fault deformation leads to 
local destructions of the skeleton. At the initial state the defects localize at separate intergranular contacts, but 
further evolution of the fault conditions brings the destruction processes to a higher hierarchical level, which finally 
results in the shear of fault sides. Being destroyed during deformation the force chains can be replaced by analogous 
structures due to the forces of grain interaction, when the external effect will be completely compensated. Such 
patterns were many times observed both in numerical experiments Ruthbun et al. (2013). 
Structural changes occurring in dynamic event preparation are accompanied by emission of "inter-seismic" APs. 
The analysis of parameters of the inverse Omori's law (Table 1) gives important information about the internal 
structure of the fault. Formation of the force skeleton (interblock contact consolidation) is required for accumulation 
of elastic deformation energy, so registering the non-zero activity R(t) testifies that weakly loaded and 
unconsolidated areas emerge in the fault. The analysis of Table 1 shows that the higher the intensity of dynamic 
events is, the lower is the activity of AE.  
The exponential growth of AE activity during preparation of the dynamic event indicates formation of a scale-
invariant internal structure. The exponent pb characterizes the fractal dimensionality of spatial structure of force 
skeleton elements; the higher pb is, the higher is the degree of spatial structuredness of the force skeleton. It means 
that for a dynamic failure to be prepared, the emergence of a highly ordered skeleton is required.  
As deformations are accumulated, the presence of structural inhomogeneities leads to an avalanche-like 
destruction of force chains and, consequently, to the decrease of fault stiffness. The destruction of force chains leads 
to an increase of the unconsolidated area. In these area the action of external forces manifests, as a rule, in inter-
grain slips. The evolution of fault conditions should be accompanied by different mechanisms of AP generation. To 
our mind, the observed differences of AP waveforms are caused by different mechanisms of their generation. 
Ruptures of force chains are accompanied by emission of the M-I mode of "inter-seismic" APs. It is the shape of M-
I pulses, which is characteristic for events produced by emergence of defects and ruptures, that testifies this fact. 
Inter-grain slip along already existing structural discontinuities of the skeleton is accompanied by emission of the 
mode M-II pulses. At the initial stage of the loading cycle the brittle destruction of force chains prevails (M-I mode). 
But as the system approaches the moment of dynamic event, the inter-grain slips begin to manifest more and more 
(M-II mode). It is the change of generation mechanism that is the reason for the spectral centroid to shift to the low-
frequency area. 
Thus, the decrease of fault shear stiffness and the shift of spectral centroid before the dynamic event are a reliable 
indicators that the fault has come to a metastable state.  
It is probable that the revealed regularities of discontinuity deformation take place in nature too. So, the presented 
results demonstrate the necessity to analyze the observation material obtained in seismic monitoring in more detail. 
The analysis should include not only detection of weak earthquakes, but also the analysis of microseismic noise. 
Detecting peculiarities of the seismo-acoustic regime of a local section containing a fault or a large tectonic fracture 
will be very useful for determination of the stress-strain state and deformation characteristics of the rock mass. 
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